When present in multiple copies, orf1590 restored sporulation to class IIIA bald mutants of Streptomyces griseus, which form sporulation septa and thick spore walls prematurely. The orf1590 alleles from class IIIA bald mutants restored sporulation upon introduction at a high copy number into those same mutants, and the nucleotide sequence of one of these alleles was identical to that of the wild-type strain. We conclude that overexpression of orf1590 suppresses the defect in class IIIA bald mutants. Previous nucleotide sequence and transcript analyses suggested that orf1590 could encode two related proteins, P56 and P49.5, from nested coding sequences. A mutation that prevented the synthesis of P56 without altering the coding sequence for P49.5 eliminated the function of orf1590, as did amino acid substitutions in the putative helix-turn-helix domain located at the N terminus of P56 and absent from P49.5. To determine the coding capacity of orf1590, we analyzed translational fusions between orf1590 and the neo gene from Tn5. Measurement of the expression of fusions to the wild-type and mutant alleles of orf1590 indicated that P56 was the sole product of orf1590 during vegetative growth. Attempts to generate a nonfunctional frameshift mutation in orf1590 were unsuccessful in the absence of a second-site bald mutation, suggesting that orf1590 may be required during vegetative growth by preventing early sporulation. Our results are consistent with the hypothesis that P56 at a high level delays the premature synthesis of sporulation septa and spore walls in class IIIA mutants.
Members of the bacterial genus Streptomyces are soil organisms that undergo both biochemical and morphological differentiation in response to environmental signals. The life cycle of streptomycetes is marked by the formation of chains of uninucleoidal spores from multinucleoidal, branched filaments known as hyphae. A key event in the formation of the spores is the relatively synchronous deposition of sporulation septa at regular intervals throughout a sporulating hypha, delimiting the developing spore compartments. In concert with septum formation, unit copies of the DNA partition into the compartments to ensure that each developing spore is viable. After septum formation, the walls of the spore compartment thicken during spore maturation.
When differentiation occurs on a solid surface such as a medium solidified with agar, the onset of spore formation is marked by the projection of aerial hyphae upward from the substrate hyphae that were formed during vegetative growth. The spores are generally believed to develop only from the aerial hyphae. Mutants that cannot make aerial hyphae are designated as bald because their colonies lack the hairy appearance characteristic of differentiating colonies. Four classes of bald mutants of Streptomyces griseus were identified by Babcock and Kendrick (3) . Class I mutants appear to be blocked at the earliest stage of sporulation. Class II mutants, which are also blocked at an early stage, are conditionally bald, i.e., sporulation occurs when a class II mutant is plated adjacent to the wild-type strain or a class III or IV mutant. Class III mutants have been divided into three genetic complementation groups: class IIIA mutants sporulate when transformed with orf1590 (3), class IIIB mutants sporulate in the presence of bldA (26, 33) , and class IIIC mutants do not sporulate in the presence of either orf1590 or bldA.
The gene orf1590 was identified on the basis of its ability to restore sporulation to some class III bald mutants of S. griseus (3) . Subsequently, the highly similar orf1590 counterpart was isolated from Streptomyces coelicolor (33) . The nucleotide sequences of both genes and transcription studies of the S. griseus orf1590 suggested that two proteins could be encoded by orf1590: the longer one, P56, contains a potential helix-turnhelix motif at its amino terminus, and the shorter one, P49.5, lacks the helix-turn-helix motif but otherwise is identical to P56 ( Fig. 1) (4, 33) . The presence of an in-frame TTA within the region of orf1590 common to both P56 and P49.5 suggested that translation of the orf1590 transcript would require the bldA gene product, a tRNA UUA Leu that is a regulator of sporulation (28, 29, 34) .
Analysis of the expression of orf1590 from S. griseus revealed two apparent transcripts, one of which could encode both P56 and P49.5 and the other of which could encode only P49.5 from a putative translation initiation site located within the P56 coding sequence ( Fig. 1) (4) . It remained to be determined, however, whether both proteins were produced from orf1590 in vivo. Moreover, the previous results had not clearly indicated whether orf1590 was complementing or suppressing the morphological defect in the class IIIA bald mutants of S. griseus, which form their sporulation septa and spore walls prematurely and subsequently do not complete the sporulation process (25, 33) . Because our earlier results indicated that orf1590 was transcribed at very low levels during both vegetative growth and sporulation (4), we examined the coding capacity of orf1590 by in vivo techniques that would permit detection and functional analysis of small amounts of gene product. In this study, we present evidence that overexpression of orf1590 suppresses rather than complements the morphological defect of the class IIIA bald mutants and that production of P56 is necessary for this effect.
MATERIALS AND METHODS
Bacterial strains and plasmids. The wild-type strain of S. griseus, NRRL B-2682, and the class IIIA sporulation-deficient strains of S. griseus, SKK1014, -1015, and -1016, were described previously (3, 22) . Streptomyces lividans TK24 (a gift of D. A. Hopwood) was used as the host for the construction of plasmids on streptomycete replicons and for translational fusion analyses, and S. coelicolor M145 (provided by M. J. Bibb) was used as the host for gene disruption experiments and as the source of RNA for the transcription studies. Escherichia coli TB1 was used for routine plasmid constructions and analysis, E. coli JM109 was used for production of single-stranded DNA for site-directed mutagenesis, and E. coli BMH 71-18 mutS was used to suppress mismatch repair during the mutagenesis.
The plasmids constructed for this study are listed in Table 1 . To mutagenize orf1590, the 2.76-kb BamHI fragment containing the wild-type orf1590 allele was ligated to BamHI-digested pSelect-1 (Promega Corp., Madison, Wis.) and introduced into E. coli JM109. The mutated alleles were also used as templates for the PCR amplifications prerequisite to the translational fusion studies. For functional analysis of orf1590 from S. coelicolor and of the mutated alleles, fragments were moved from E. coli replicons (Table 1) to BglII-digested pIJ702, introduced into S. lividans TK24, and then transferred to S. griseus. In all cases, orf1590 was inserted in the orientation opposing the mel promoter.
For construction of the translational fusions, the appropriate regions of the orf1590 locus were amplified by PCR with an upstream oligonucleotide (synthesized by the Biochemical Instrument Center [The Ohio State University, Columbus] or Ransom Hill Bioscience, Inc. [Ramona, Calif.]) that contained a BglII site and a downstream oligonucleotide that contained a BamHI site ( Table 2 ). The amplified fragments were digested with these two restriction endonucleases and ligated to similarly digested pIJ2920 (20) ; each mutation was confirmed by analysis of the nucleotide sequence. After digestion with BamHI and BglII and ligation to BamHI-digested pIJ686, the DNA was introduced into S. lividans TK24. The orientations of the fragments in pIJ686 were determined by digestion with BamHI and EcoRV.
The 2.76-kb BamHI fragment from pKK330 was ligated to BamHI-digested pXE4 (19) to place orf1590 from S. griseus on a low-copy-number vector. The 2.76-kb BamHI fragments from the mutant strains SKK1014, -1015, and -1016 were isolated by ligation to pUC18, and the nucleotide sequence of the fragment from SKK1015 was determined. The BamHI fragments from the mutant strains were ligated to BglII-digested pIJ702 and introduced into SKK1014, -1015, and -1016 to determine their ability to suppress the bald phenotype.
Growth and transformation of bacteria. Strains of S. griseus were maintained and cultivated essentially as described previously (3) . Spore suspensions of S. lividans and S. coelicolor were prepared from R2YE agar (17) cultures supplemented with 40 g of thiostrepton per ml as necessary. The spores were harvested by rolling sterile 3-mm-diameter glass beads over the surface of the agar (16) . Liquid cultures of S. lividans and S. coelicolor were inoculated with spores that had been heat activated and germinated (17) , or spores were inoculated directly into twofold-concentrated liquid medium and an equal volume of 30% (wt/vol) polyethylene glycol 8000 was added after 7 h of incubation at 30ЊC. E. coli cells were made competent to take up plasmid DNA with CaCl 2 and transformed by standard methods (38) .
Protoplasts of S. griseus were prepared by a modification of the procedure of Babcock and Kendrick (3) . Spores or mycelia from 1 to 2 colonies were inoculated into 3 ml of Trypticase soy broth (TSB) containing 1.0% glycine and 10 mM MgCl 2 in a culture tube (18 by 150 mm) containing a 6-mm-diameter glass bead. Cells were harvested after 24 h of incubation with shaking at 30ЊC by centrifugation in a microcentrifuge tube for 10 s. The cells were washed once with 1 ml of P buffer (17) . After suspension of the cells in 1 ml of P buffer, the protoplasts that formed during 15 min of incubation in the presence of 1 mg of lysozyme per ml were diluted with 4 ml of P buffer and filtered through sterile glass wool. Protoplasts were collected by centrifugation for 10 min at 3,000 rpm at room temperature, suspended in P buffer to 4 ϫ 10 9 protoplasts per ml, and used immediately for transformation. Protoplasts of S. lividans were prepared as described earlier (3) .
Transformation of Streptomyces protoplasts with plasmid DNA was essentially as described before (3, 17) . Efficient transformation of the wild-type strain of S. griseus was precluded by restriction of DNA originating from other Streptomyces species or E. coli. Therefore, DNA ligation reactions were screened for the correct construction in S. lividans, and clones were transferred to S. griseus by methylating the plasmid DNA sequentially with SssI methylase and AluI methylase (New England Biolabs, Inc., Beverly, Mass.). Regeneration of transformed S. griseus protoplasts occurred on SpMR medium (3) buffered with TES [N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid]-KOH (pH 7.5) and containing 0.3% casein hydrolysate (HyCase; ICN Pharmaceuticals, Inc., Costa Mesa, Calif.) for the bald mutants, whereas S. lividans and S. coelicolor protoplasts were regenerated on R2YE medium. The ability of orf1590 to restore sporulation when at a high but not a low copy number was evident when the transformants were incubated at 33ЊC after application of the antibiotic selection, at which temperature the bald phenotype of class IIIA mutants was most clearly visualized.
Isolation and manipulation of DNA. Minipreparations of plasmid DNA from E. coli were prepared by standard methods (3) . Streptomyces cultures were grown in TSB containing 5 g of thiostrepton per ml in a culture tube (18 by 150 mm) containing a 6-mm-diameter glass bead. Plasmid DNA was isolated essentially as described previously (3) . DNA fragments used for cloning and as probes were isolated after excision of the appropriate ethidium bromide-stained restriction fragment by the phenol-freeze-fracture method (18) . The orf1590 alleles from the class IIIA mutants were isolated by ligation of 2.5-to 3.0-kb BamHI fragments of genomic DNA to pUC18 and screening by colony hybridization (38) with pKK112 (3) that had been labeled by the random primer method (Primea-Gene; Promega) as a probe. Single-stranded phagemid DNA was isolated by the procedure of Lin et al. (30) .
PCR. DNA fragment amplification by PCR was performed essentially by the method of Guilfoile and Hutchinson (13) , with 20 pmol of each oligonucleotide primer (Table 2) , 2 ng of linearized plasmid template, and 5 U of Taq polymerase (Perkin-Elmer Cetus, Norwalk, Conn.). The template was initially denatured by heating at 96ЊC for 5 min followed immediately by 30 cycles of amplification, i.e., denaturation at 96ЊC for 1.5 min, annealing at 60ЊC for 1.0 min, and extension at 72ЊC for 1 to 4 min (dependent on the fragment length) with a 5-s autoextension period.
Cloning of the PCR-generated fragments for construction of translational fusions was facilitated by proteinase K treatment (8) . PCR fragments used as probes for S1 nuclease protection experiments were labeled with T4 polynucleotide kinase (Gibco-BRL, Gaithersburg, Md.) (2) . The end-labeled fragment was isolated with a QIAquick-spin PCR purification column (QIAGEN Inc., Chatsworth, Calif.).
DNA sequence determination. Sequences were determined by the dideoxynucleotide chain termination method (39) Fragments containing site-directed mutations are indicated as follows: ‫,ء‬ frameshift mutation; GTC, wild-type GTG changed to GTC; ⌬, deletion of ATGGTG. The nucleotides marking the end points of the fragments are numbered as described in Babcock and Kendrick (4) . The amount of hybrid protein detected in extracts prepared from transformants of S. lividans TK24 as measured by ELISA is indicated as nanograms of NPTII per milligram of total cellular protein. Values are reported as average Ϯ standard deviation of duplicate extracts, each assayed in triplicate, after subtraction of the background (Ͻ0.05 ng of NPTII per mg of protein). merase (United States Biochemical Corp., Cleveland, Ohio). Sequence ladders for the high-resolution S1 nuclease protection experiments were generated by end labeling the oligonucleotide primers (oligonucleotides 41, 58, and 120) ( Table 2 ) and by use of Sequenase in reactions containing each deoxynucleoside triphosphate (Pharmacia Biotech Inc., Piscataway, N.J.) at 1.5 M. Reaction products were resolved in 6% denaturing polyacrylamide gels (2) .
Site-directed mutagenesis. Site-directed mutagenesis was performed with the Altered Sites Mutagenesis System (Promega) with mutagenic oligonucleotides (Table 2) . Each mutation was confirmed by determination of the nucleotide sequence in the region surrounding the mutated site.
RNA isolation. S. griseus cultures were grown to the mid-exponential phase in glucose-ammonia minimal medium supplemented with 1% (wt/vol) casein hydrolysate (24) ; S. coelicolor cultures were grown similarly, except that the FeCl 3 was replaced with 4 ml of trace elements solution per liter (17) . RNA was isolated by the procedure of Covey and Smith (17) . The concentration of the RNA was determined by measuring the A 260 .
High-resolution S1 nuclease protection experiments (17) were performed by combining 40 g of freshly prepared RNA in diethylpyrocarbonate-treated deionized water with 200,000 cpm of DNA probe prepared as described above. The solution was frozen at Ϫ70ЊC and lyophilized in a Savant SpeedVac vacuum centrifuge. The RNA and probe were dissolved in 20 l of S1 hybridization buffer (2) and denatured at 90ЊC for 30 min. The temperature was slowly cooled to 4ЊC above the melting temperature of the DNA probe, and the mixture was allowed to hybridize overnight. The upstream labeled 5Ј end of the DNA probe was not homologous to the RNA template and was subsequently hydrolyzed by the S1 nuclease treatment. The dried gel was exposed to Kodak X-OMAT AR film for 30 to 48 h at Ϫ70ЊC with intensifying screens.
NPTII ELISA. Extracts containing total protein from S. lividans harboring pIJ686 derivatives were prepared by growing cultures to the late exponential phase (A 500 ϭ 6.0) in 50 ml of TSB containing 15% (wt/vol) polyethylene glycol 8000. Thiostrepton was excluded from these cultures because the antibiotic caused an approximately threefold decrease in the amount of neomycin phosphotransferase (NPTII) fusion protein present in the cells and reduced the growth rate slightly. Cells were prepared for enzyme-linked immunosorbent assay (ELISA) detection of NPTII as described in the manufacturer's instructions (5 Prime33 Prime, Inc., Boulder, Colo.) except that the mycelia were disrupted at 14,000 lb/in 2 with a French pressure cell. Each extract was decanted and stored in aliquots at Ϫ70ЊC. Protein concentrations in the cell extracts were determined by the method of Ehresmann et al. (11) .
Disruption of orf1590 in S. coelicolor M145. Plasmids were constructed in which the aph gene prepared by PCR amplification from pIJ61 (17) as template was inserted as a BglII fragment in both orientations into the unique BamHI site of orf1590 from S. coelicolor in the vector pIJ2925 (pKK780 and -781). The 3.2-kb BglII fragment containing the disrupted orf1590 was ligated to BamHI-digested pDH5, a suicide vector containing the colEI replicon and thiostrepton resistance determinant (tsr) (15) , to generate pKK786 and -787. Each plasmid was passaged 
RESULTS AND DISCUSSION
Suppression of the morphological defect in class IIIA mutants of S. griseus. The introduction of pKK200, which contains orf1590 from S. griseus as a 2.76-kb BamHI fragment on a multicopy plasmid (pIJ702) (3), into the class IIIA bald mutant SKK1015 restored sporulation but not to wild-type levels. Ligation of the BamHI fragment to the low-copy-number vector pXE4 (19) did not restore sporulation upon introduction into SKK1015. The orf1590 alleles from the class IIIA mutants, SKK1014, SKK1015, and SKK1016, were isolated and ligated as 2.76-kb BamHI fragments to pIJ702 that had been digested with BglII. Each of these alleles at a high copy number was able to restore sporulation to the homologous mutant strain. The nucleotide sequence of orf1590 as well as the adjacent 323 nucleotides (nt) of upstream DNA and 183 nt of downstream DNA from SKK1015 showed no difference from that of the wild-type allele. These results indicate that overexpression of orf1590 suppressed the defect in class IIIA bald mutants.
Mutational analysis of orf1590 function. The orf1590 homolog from S. coelicolor, which also restored sporulation to the class IIIA bald mutants when present at a high copy number, could encode proteins of 473 and 417 amino acids as homologs of P56 and P49.5, respectively. This gene contains the internal translation initiation site as well as the region encoding the putative DNA-binding domain but lacks the coding sequence for 56 amino acids that are present in the central region of both P56 and P49.5 in S. griseus (33) . Thus, this central region is unnecessary for the function of orf1590 in the suppression assay. To determine whether P56 or P49.5 was required for function, we assessed the ability of mutated forms of orf1590 to restore sporulation to SKK1015. On the basis of the nucleotide sequence surrounding the proposed P49.5 translation initiation site (. . .AAGGGGAUGGUGCCGCAG. . .), it was not clear whether the AUG or the GUG might serve as the initiation codon. We therefore altered both codons. The mutant allele containing GTC in place of GTG, which would not alter the primary structure of P56 but could prevent synthesis of P49.5 by disrupting its translation initiation site, was unimpaired in its ability to restore sporulation to SKK1015 (Fig. 2) . In contrast, sporulation was prevented in the case in which the ATGGTG was deleted. It is most likely that the elimination of the Met or Val from the primary structure of P56 prevents function of this protein because the distance between the ATG and the putative ribosome binding site (indicated above by the underline) upstream of the P49.5 coding sequence is only 2 nt. The minimal distance between the translation initiation codon and the ribosome binding site in E. coli is 3 nt (37). Our examination of all sequences of Streptomyces genes from GenBank (version 83) indicated that the minimal distance was 4 nt.
To detect the possible function of P49.5 in the absence of P56, we introduced a single nucleotide at position 1045, in the region unique to P56. This frameshift mutation resulted in the positioning of a stop codon (UAA) 5 nt further downstream. Translational fusion studies (see below) confirmed that this frameshift mutation effectively prevented synthesis of P56. The orf1590 allele containing the P56 frameshift mutation (pKK725) did not restore sporulation to SKK1015 in 95% of the transformants (Fig. 2) . Sporulation in the remaining 5% of the population was the result of the recombination of the plasmid-borne mutant allele (containing a unique EcoRI site as a consequence of the frameshift mutation) with the chromosomal wild-type allele such that one of the plasmid molecules acquired the wild-type allele by a process resembling marker exchange. Subsequent replication to generate multiple copies of plasmid bearing the wild-type allele would be expected to suppress the bald phenotype of SKK1015. (We speculate that the other mutant alleles described below and in Fig. 2 , which would be expected to yield altered gene products, may not have given rise to sporulating recombinants because of dominance or subunit mixing.) On the basis of these observations, we reasoned that we could construct a frameshift mutation in the chromosomal copy of orf1590 by introducing the mutant allele into the wildtype strain on a multicopy plasmid and screening transformants for loss of the plasmid-borne thiostrepton resistance. Among several thiostrepton-sensitive isolates screened by Southern hybridization analysis, only one isolate contained the frameshift mutation as noted by the acquisition of an EcoRI site characteristic of the insertion mutation in the chromosomal copy of orf1590 (data not shown). This transformant displayed a bald phenotype, was cross-fed to sporulate by the wild-type strain and other class III bald mutants, and did not sporulate in the presence of orf1590 at either a high or a low copy number. Thus, the bald phenotype was a consequence of a second-site mutation to generate a strain resembling those categorized as class II bald mutants (3) . Attempts to construct a disrupted orf1590 in S. coelicolor by use of the nonreplicating plasmid pDH5 (15) and a neomycin-resistance cassette (17) were unsuccessful: none of 800 cointegrate derivatives that were grown in the absence of selection for thiostrepton resistance (mediated by tsr, the plasmid-borne resistance determinant) was resistant only to neomycin. These results are consistent with orf1590 being a gene required for vegetative growth. Because the null mutation in S. griseus could apparently be generated only in the presence of a second-site mutation that blocked sporulation at an early stage, it seems likely that loss of orf1590 function is lethal in a cell capable of normal sporulation. This hypothesis predicts the facile disruption of orf1590 in class I and II bald mutants of S. griseus that are blocked at an early stage of sporulation. We presume that the sporulation of the orf1590 frameshift mutant (containing the second-site bald mutation) in response to the diffusible inducer occurred because the inducer was not produced by the wild-type strain until after the mutant colony had formed. The most likely interpretation of our results is that orf1590 prevents premature sporulation and has as its target one or more genes (or gene products) required early in sporulation.
Analysis of the probability that P56 is a DNA-binding protein by the scoring system of Dodd and Egan (10) suggested that the helix-turn-helix nature of the N terminus of P56 was The column marked mutation indicates the change imposed on orf1590, and the column marked sporulation indicates the ability of the mutated gene to suppress the bald phenotype of SKK1015. Symbols: ϩ, sporulation comparable to that of SKK1015 containing the wild-type orf1590 on pIJ702; Ϫ, no sporulation; Ϫ/ϩ, mixture of nonsporulating (95%) and sporulating (5%) transformants.
VOL. 178, 1996 SUPPRESSION OF BALD MUTANTS 2871
only moderately probable, exceeding the average score for P56 by 2.6 standard deviations. This score is similar to that of the Trp repressor, which requires interaction with the corepressor to bind to DNA (10). We thus determined whether this region at the N terminus of P56 was required for function by introducing missense mutations into the DNA that could encode the second helical region. Mutations were constructed to generate amino acid substitutions that would be highly likely to disrupt the contact between this helix and the DNA target. Earlier analyses have indicated that these contact points most often include the first and second amino acid residues of the second helix and frequently the fifth or sixth residue as well (5, 6, 9, 21, 35, 43) . Our results were consistent with these patterns. The change of Arg-28 to Gly did not affect the function of P56; in contrast, the mutations that altered Asn-23 or Ala-24 resulted in the loss of suppressor activity (Fig. 2) . Since this putative DNA-binding domain is absent from P49.5 but is required for suppressor function of P56, these results support the hypothesis that P56 is the critical product of orf1590. Translational fusion studies. To corroborate and extend our mutant analysis, we determined whether both putative translation initiation sites in orf1590 were functional by constructing translational fusions between the two potential N-terminal coding regions of orf1590 and the neo gene in the vector pIJ686 (23) . Because pIJ686 is unstable in S. griseus, measurements of transcription and translation initiation were made in transformants of S. lividans TK24 containing regions of orf1590 fused in-frame to the reporter gene. The transformants were first assayed for the acquisition of neo-encoded resistance to kanamycin; however, the levels of resistance were too low (Յ1 g/ml) to be reliable indicators of gene expression. Moreover, this method of measurement of expression was semiquantitative and required the synthesis of active protein. We therefore used an ELISA to determine the amount of hybrid protein encoded by these gene fusions independent of NPTII activity.
Fusions were constructed to generate chimeric proteins containing (i) 8 amino acids derived from the N terminus of P56, (ii) 27 amino acids from the N terminus of P56, (iii) 63 amino acids from the N terminus of P56 and/or 8 amino acids from that of P49.5, or (iv) 8 amino acids from the N terminus of P49.5. In each case, the hybrid proteins also included six amino acids encoded by the plasmid linker region followed by the NPTII coding sequence. In these constructions, the endogenous orf1590 promoter(s) was required for expression of the   FIG. 3 . High-resolution S1 nuclease protection studies to determine the 5Ј end of orf1590 transcript. (A) S. griseus orf1590 transcript determination. Lanes: 1 and 3, full-length probes 1 and 2, respectively; 2 and 4, RNA isolated from a vegetatively growing culture of S. griseus B-2682 hybridized with probes 1 and 2, respectively, and treated with S1 nuclease. (B) S. coelicolor orf1590 transcript determination. Lanes: 1 and 3, full-length probes 3 and 4, respectively; 2 and 4, RNA isolated from a vegetatively growing culture of S. coelicolor M145 hybridized with probes 3 and 4, respectively, and treated with S1 nuclease. The DNA probes were generated by PCR as described in the text, and their map positions are indicated below the autoradiograms. The transcript end points and the 5Ј end labels are marked by asterisks. The sequence ladders (A, G, C, and T) were generated from an end-labeled oligonucleotide identical to that used as the downstream primer for PCR and reveal the sequence of the antisense strand but are represented as the sense strand on the side of the autoradiogram. E. coli tRNA, used as the negative control in each experiment, provided no protection (data not shown).
neo gene. Because all of the fusion junctions were located upstream of the in-frame TTA in orf1590 and the neo transcript lacks UUA codons, translation of the fusion protein transcripts would not require the bldA gene product. A relatively high level of NPTII was synthesized from the fusion to the shortest N-terminal portion of P56 (pKK743) (Fig. 1 ). In agreement with the studies of Reiss et al. (36) , which demonstrated that fusions containing longer N-terminal regions yielded substantially lower NPTII activity, extension of this N-terminal region of P56 by 19 amino acids reduced the level of NPTII 13-fold (pKK745). Further extension of the N-terminal portion of the fusion so that the junction occurred downstream of the P49.5 initiation site led to a slight increase in NPTII (pKK751). Fusion of neo to the N-terminal coding region of P49.5 alone did not increase the level of NPTII significantly above background (pKK747); neither the substitution of GTC for GTG nor deletion of the ATGGTG altered the basal level of NPTII when only the P49.5 start site was present (pKK755 and pKK757). These last results suggested that during vegetative growth there was no significant promoter activity within the 158 nt upstream of the P49.5 coding sequence. This region includes the putative downstream promoter identified in a previous study (4) . Therefore, P49.5, if produced from orf1590, would most likely be encoded by the transcript that initiates upstream of the P56 coding sequence.
To distinguish translation initiating at the P56 start site from that at the P49.5 start site, we introduced a frameshift mutation into the P56 coding sequence at a position 72 nt upstream of the putative downstream transcription start site and 103 nt upstream of the P49.5 translation start site. This mutation eliminated the synthesis of NPTII from the P56 start site (pKK749) (Fig. 1) . Because this mutation also effectively abolished NPTII production from the fusion containing both putative start sites (pKK753), we conclude that virtually all of the expression of orf1590 emanated from the region upstream of the P56 coding sequence. Each fusion construction showed a low level of NPTII (Ͻ0.01 ng/mg of protein) when in inverted orientation. The amounts of immunoreactive protein detectable by immunoblot of extracts prepared from the S. lividans transformants (data not shown) paralleled the levels of NPTII measured in the ELISA.
The use of the heterologous host S. lividans in these studies raised the possibility that this species differs from S. griseus in its recognition of promoters and translation initiation sites. We think that this is unlikely, however, because of the following: (i) S. lividans, which contains DNA that hybridizes at high stringency to orf1590 (3), is closely related to S. coelicolor, which contains an orf1590 that is functional in S. griseus and is transcribed from an identical site (see below); (ii) S. lividans has been used in numerous studies to identify promoters and overexpress genes from a wide variety of streptomycete species (see references 14, 27, and 42 as examples); and (iii) the apparent orf1590 promoters that were originally identified by promoterprobe studies were evident during vegetative growth of S. lividans (4).
Because S. lividans does not undergo submerged sporulation, we were unable to examine the plasmid constructions for the production of fusion proteins during synchronous differentiation. These experiments also do not exclude the possibility that translation of the P49.5 transcript may be coupled to that of the P56 transcript, provided that the fusion junction between the P49.5 start region and NPTII is sufficiently upstream to exclude sites in orf1590 required for translational coupling in cis, and the P56 homolog encoded by the S. lividans chromosome cannot function in trans to promote translation from the P49.5 start site. It is alternatively possible that the introduction of the frameshift mutation in P56 had a polar effect on synthesis of P49.5.
Analysis of transcription of orf1590 in S. coelicolor. In light of our results that only P56 appeared to be produced from orf1590 during vegetative growth and that there was only one functional promoter, we examined the transcription of orf1590 in both S. griseus and S. coelicolor. In a previous study (4) , apparent 5Ј ends of two transcripts were identified in RNA prepared from vegetative mycelia of S. griseus, but the transcript originating further downstream diminished in amount during sporulation. In the present study, two protected fragments were again observed in total RNA prepared from vegetative mycelia of S. griseus (Fig. 3) ; although the signal originating at the upstream site was evident in all samples, the presence of the signal corresponding to the downstream origin was variable among RNA preparations. Total RNA from vegetative mycelia of S. coelicolor showed only the transcript corresponding to the upstream site (Fig. 3) . Taking into account the translational fusion studies, we believe that the downstream transcription start site evident in some preparations of RNA from S. griseus is an artifact, possibly resulting from RNA degradation or secondary structure. The orf1590 transcript had a 5Ј end 29 nt further upstream than previously reported (4). We attribute this discrepancy to slight degradation of RNA in the earlier study, in which a short treatment of the mycelia with lysozyme to facilitate disruption of the cells may have been sufficient to permit limited degradation of the RNA.
The 5Ј end of the orf1590 transcript from S. coelicolor mapped to the same nucleotide as that from S. griseus (Fig. 4) . Examination of the DNA sequence upstream of the 5Ј end revealed identical Ϫ10 (TACGCT) and Ϫ35 (TTAACG) sites in both species, which suggested that synthesis of this transcript may be directed by RNA polymerase containing HrdB , the sigma factor essential for vegetative growth of S. coelicolor (7) which is also present during vegetative growth of S. griseus (32) .
The presence of the in-frame TTA in orf1590 indicates that translation of the orf1590 transcript would be dependent on a functional bldA. Although the bldA product appears to be a regulator of morphogenesis in both S. coelicolor (34) and S. griseus (26) , the mechanism by which this regulation occurs has not been elucidated. Recent evidence indicates that a significant amount of functional tRNA UUA Leu is present during vegetative growth of S. coelicolor (1, 12) . If this is also true for bldA from S. griseus, then it is likely that the low level of orf1590 transcript present during vegetative growth is translated to form P56.
Ueda et al. (41) reported that overexpression of orf1590 suppressed the developmental defect of an A-factor nonproducing mutant (afsA) of S. griseus. By using as hosts both the afsA mutant strain HH1 (41) and another A-factor nonproducing strain (3), we have not observed suppression of the morphological defect by orf1590 at either a high or a low copy number. This discrepancy may be the consequence of different growth conditions used to examine suppression in the two laboratories. It is clear that the class IIIA mutants of S. griseus are not afsA mutants because the class IIIA mutants are not phenotypically suppressed when plated adjacent to the wildtype strain (3). The class IIIA mutants prematurely deposit their sporulation septa and spore walls (25, 33) and thus are defective in the temporal regulation of sporulation. Recent evidence also suggests a spatial defect in these mutants (25) . The defect in class IIIA mutants is partially overcome by the overproduction of P56. Our inability to obtain a null mutation in orf1590 in the absence of a second-site bald mutation suggests that orf1590 encodes a negative regulator of sporulation. On this basis, we propose to rename orf1590 as nrsA.
